In this report, a novel, reproducible and efficient protocol for protuberance-mediated adventitious shoot regeneration has been established for sweetpotato [Ipomoea batatas (L.) Lam.]. The leaf explants were cultured on a modified Murashige and Skoog (MS) medium containing various concentrations (0.5, 1.0, 2.0, 5.0 or 10 μM) of Thidiazuron (TDZ). The adventitious shoots were developed from the base of leaf explants on an MS medium supplemented with 2.0, 5.0 or 10.0 μM TDZ. The responsive explants were transferred to a freshly modified MS medium containing TDZ. Green-colored, oval, or cone-shaped shoot-forming protuberances were developed from explants. It appeared that the frequency of protuberance development depended on the concentration of TDZ. However, this did not further improve, when the concentration of TDZ increased from 5.0 μM to 10.0 μM. Adventitious shoot buds were developed from protuberances, and the histology of protuberances revealed a direct origin of shoot buds. In vitro raised shoots were rooted either on a modified MS medium alone or on a modified MS medium containing indole-3-butyric acid (IBA). The regenerated plants were acclimatized and successfully established in a greenhouse.
Introduction
Sweetpotato [Ipomoea batatas (L.) Lam.] is the sixth most important crop in developing countries, after wheat, rice, corn, potato and barley. Sweetpotato also has potential as a biomass species for methane or ethanol production (Liu and Cantliffe, 1984) . In recent years, tuber crops, particularly potato (Artsaenko et al., 1998) and sweetpotato (Berberich et al., 2005) , have gained importance in molecular farming. Sweetpotato can grow under a wide range of agro-climatic conditions (Woolfe, 1992) . An improvement in the quality of sweetpotato is vital since abiotic stresses, fungal and viral infections, as well as insect pests, adversely affect its productivity. Genetic improvement of sweetpotato via conventional breeding is limited due to male sterility, incompatibility and the hexaploid nature of the plant (Dhir et al., 1998) . A more recent technique -genetic engineering -is the only alternative method to improve the productivity of sweetpotato. However, the lack of an efficient regeneration system is the major limiting factor which prevents the development of gene transfer technologies for commercially important cultivars of sweetpotato. There have been a number of proposals for the in vitro propagation of sweetpotato, including via adventitious shoot induction Dessai et al., 1995; Sihachakr et al., 1997; Santa-Maria et al., 2009 ) and somatic embryogenesis (Liu and Cantliffe, 1984; Chée et al., 1990; Desamero et al., 1994; Bieniek et al., 1995; Zheng et al., 1996; Dhir et al., 1998; He et al., 2009) . Genetic transformation of sweetpotato, using various explants, has been reported, but with low efficiency (Newell et al., 1995; Gama et al., 1996; Morán et al., 1998; Okada et al., 2001; Berberich et al., 2005) . Callus mediated transgenic plant regeneration using embryogenic suspension cultures has been reported by Yu et al., (2007) , but this procedure may lead to genetic variations. It has 446 been reported that plants regenerated from adventitious buds without an intervening callus phase are genetically stable (Annapurna and Rathore 2010; Liu et al., 2010) . Therefore, a reproducible plant regeneration system either from individual cells or tissue without the involvement of a callus stage is essential to maintain the genetic stability of sweetpotato.
Protuberances, structures containing nodes and chlorophyll, have been developed from the node or leaf explants of Eucalyptus gunnii (Hervé et al., 2001) , cotyledon explants of Parkia biglobosa (Oluwaseun and Erhinmeyoma, 2005) , and hypocotyls of Passiflora alata (Pinto et al., 2010) . Moreover, somatic embryos have been developed from protuberances of Parkia biglobosa (Oluwaseun and Erhinmeyoma, 2005) or shoot buds of Eucalyptus gunnii (Hervé et al., 2001) .
In this paper, we report for the first time a protuberance-mediated, high frequency adventitious shoot regeneration system for sweetpotato.
Materials and methods

Plant material, culture media and culture conditions
Sweetpotato [Ipomoea batatas (L.) Lam.] cultivars Tainong 57, 64 and 66 are commercially important cultivars grown in Taiwan. Axenic cultures of Tainong 57, 64 and 66 were obtained from the Taiwan Agricultural Research Institute, Taichung, Taiwan. These cultures were maintained on a modified Murashige and Skoog's (MS, 1962) basal medium (MMS medium) containing MS salts, 0.6 mM myo-inositol, 5 μM thiamine-HCl, 10 μM nicotinic acid, 5 μM pyridoxine-HCl and 0.09 M sucrose (Zheng et al., 1996) .
The leaf explants (with lateral bud) were excised aseptically from 4/5-week-old in vitro cultures, as described by Dessai et al. (1995) , and cultured onto a shoot/protuberance induction medium. In experiment 1, leaf explants were cultured onto an MMS medium alone and also MMS supplemented with TDZ at various levels (0.5, 1.0, 2.0, 5.0, 10.0 or 20.0 μM). In experiment 2, three-weekold responding leaf explants (swollen leaf base with adventitious shoots) were transferred to MMS supplemented with 5.0 or 10.0 μM TDZ. For elongation of shoots, the in vitro raised shoots were transferred onto a plain basal MS medium. The media were adjusted to pH 5.8 before solidifying with 0.8 % agar (Duchefa Biochemie, The Netherlands).
They were sterilized by autoclaving at 121EC for 20 min. and dispensed aseptically into sterile bottles (10 × 8 cm) or disposable Petri dishes (2 × 9 cm). TDZ, vitamins and amino acids were filter sterilized through 0.45 μm membrane filters (Millipore) and added to the autoclaved media. After the explants were plated onto the medium, the bottles/Petri dishes were sealed with parafilm. The cultures were incubated at 24 ± 2EC under a 16 h photoperiod (40-60 μmol m , produced from cool-white fluorescent lights).
Elongated, well-developed individual shoots 4-6 cm in length and each with 3-4 leaves were separated from the cultures and transferred onto an MMS basal medium and also MMS supplemented with 2.0 μM IBA for rooting. The cultures were incubated at 24 ± 2EC under a 16 h photoperiod (60 μmol m
). After two-weeks in the rooting media, the rooted plantlets were separated from culture vessels and washed thoroughly with water to remove traces of media to avoid infection by fungal contaminants. For acclimatization, the plantlets were planted into plastic pots containing peat and compost (1:1), and were incubated under controlled environmental conditions (18 ± 2EC for a 16 h photoperiod, at a light intensity of 80-90 μmol m and 70 to 80% humidity). Four-week-old hardened plants were transferred to pots containing soil and commercial compost (1:1) and maintained in a greenhouse.
Histology of protuberances
The protuberance samples from cultures were periodically collected at different intervals and fixed in FAA (Formalin, glacial acetic acid, 70% ethanol, 10:5:85) for 12 h at room temperature, dehydrated through an ethanol-butyl alcohol series and embedded in paraffin wax (Fowke and Rennie, 1996) . The tissues were sectioned at a thickness of 6 μm, stained with toluidine-blue and examined under a compound microscope (Nikon, Japan).
Data collection and analysis
The cultures were observed periodically and morphological changes were recorded at weekly intervals. All experiments were conducted in triplicate. The experiments were arranged in a randomized complete block design with six replicates in each experiment and each replicate consisting of five leaf explants. Responding explants and shoots/protuberances were counted and the results were expressed as the percentage of responding leaf explants per treatment and the number of shoots/protuberances per explant per treatment. The number of shoots/protuberances from all the treatments and experiments were compared through the analysis of variance (ANOVA), and mean values were separated based on Duncan's multiple range test (DMRT).
Results and discussion
Induction of adventitious shoots from leaf explants
After one week of inoculation of leaf explants, the base of the leaf explants had become swollen and enlarged on medium containing 2.0, 5.0 10.0 or 20.0 μM TDZ. The adventitious buds were observed mostly on the cut edges, or in association with vascular tissue after four weeks of inoculation. The percentage of responding explants and the number of shoots were significantly influenced by the genotype and TDZ concentrations (Table 1). Leaf explants did not show any response on an MMS medium alone, or an MMS containing 0.5 or 1.0 μM TDZ, while a callus was induced from explants on a medium containing 20.0 μM TDZ (data not shown). The largest number of shoots was induced from leaf explants either on a medium containing TDZ alone or in combination with other growth regulators in Saintpaulia ionantha (Mithila et al., 2003) , Arachis correntina (Mroginski et al., 2004) , Hydrangea quercifolia (Ledbetter and Preece, 2004) , Vaccinium vitis-idaea (Debnath, 2005) , Pautownia tomentosa (Corredoira et al., 2008) , Vaccinum corymbosum (Liu et al., 2010) , Phyllanthus amarus (Nitnaware et al., 2011) , Viburnum dentatum (Dai et al., 2011) and Ziziphus jujube (Ma et al., 2012) . Plant regeneration in vitro was dependent on the concentration of plant growth regulators in the culture medium. In this study, 0.38 to 0.68 adventitious shoots were developed directly from the explants on a medium containing 2.0 μM TDZ (Table 1 ). The mean number of adventitious shoots per explant was increased when the concentration of TDZ increased from 2.0 μM to 5.0 μM (Table 1) . Similarly, in Rauvolfia tetraphylla, a greater number of shoots were induced on a medium containing 5.0 μM TDZ (Faisal et al., 2005) . The percentage (27.7 to 32.2%) of responding explants and the number (0.67 to 1.27) of shoots per explant decreased when the concentration of TDZ increased further to 10.0 μM (Table 1); this is in agreement with the result for lingonberry reported by Debnath (2005) . In the present study, long term exposure of explants to high concentrations (10 μM) of TDZ showed a deleterious effect. Similar observations have been reported in Vaccinium angustifolium (Debnath, 2009) . 
Production of protuberances from leaf explants
Protuberances were produced from explants when the responding explants were transferred to a fresh medium containing TDZ (Fig. 1A) . Oval or cone-shaped protuberances were developed directly from the base of the explants and they were green in color (Fig. 1B) . A similar observation has been reported for Eucalyptus gunnii (Hervé et al., 2001) , where the protuberances were directly developed from leaf explants. On the other hand, callus-mediated protuberance development has been reported in Triticum aestivum (He et al., 1990) . The present study revealed that the induction frequencies of protuberances were significantly affected by the genotype and the medium (Table 1) . Of the two concentrations (5.0 or 10.0 μM) of TDZ tested, the highest number of protuberances (Table 1) was induced on a medium supplemented with 5.0 μM TDZ. On a medium containing 5.0 μM TDZ , 5.97, 6.26 and 6.53 numbers of protuberances were produced from explants of cultivars TN57, TN64 and TN66, respectively. The number of protuberances did not increase when the concentration of TDZ increased from 5.0 μM to 10.0 μM in stage II medium (Table 1) . Mithila et al. (2003) reported that shoots were induced on a medium supplemented with lower concentrations of TDZ, while higher concentrations were responsible for the production of somatic embryos from leaf and petiole explants of African violet.
In this study, the protuberances and shoots were produced from explants on a medium containing TDZ. Hervé et al. (2001) reported that shoot buds were directly induced from the protuberances of Eucalyptus gunnii. Similarly, in this study, adventitious shoots were directly developed from protuberances in another two weeks ( Fig. 1C and 1E) , their development being TDZ-dependent (Table 1) . A longitudinal section of protuberance revealed that the shoots were directly developed from the protuberance (Fig. 1D) . A higher number of shoots developed from protuberances on a medium containing 5.0 μM TDZ compared to a medium containing 10.0 μM TDZ (Table 1) . Gosukonda et al. (1995) and Santa-Maria et al. (2009) also reported adventitious shoot induction from leaf explants of sweetpotato on a stage II medium, where the explants were incubated for a few days on a medium containing auxins, and were subsequently transferred to a medium supplemented with cytokinins, which resulted in the development of 1-2 shoots per explant with a significant genotype and media interaction. In this study, we obtained relatively few-times more shoots per explant compared to earlier reports Santa-Maria et al., 2009) . A few shoots were induced from leaf explants on TDZ (0.5-20.0 μM) containing medium. However, the 449 number of shoots was improved when the explants were transferred to a medium containing 5.0 μM TDZ. Similar observations have also been reported for Jatropha curcas (Sujatha et al., 2005) . The adventitious shoots exhibited further growth on a medium containing 5.0 μM TDZ (Fig. 1F and 1G) . However, stunted shoot growth was observed on a medium containing 10.0 μM TDZ, and this became normal when transferred to an MS basal medium.
Induction of shoots from protuberances
Rooting and acclimatization
In vitro grown shoots with 3-4 leaves were excised and cultured onto an MS medium alone or an MS supplemented with 2 μM IBA for rooting. The roots were observed after a few days (4 to 6 days) of culture, and there was no significant difference between the two media used for rooting (data not shown). The percentage of rooting was 100% and 3 to 5 roots were observed in each culture. The maximum number (4 to 5) of roots was induced on a medium supplemented with IBA when compared to the MS basal medium (3 to 4 roots). Wellrooted (3 to 4 inches in length) plantlets (Fig. 1H) were removed from cultures and washed thoroughly with sterilized water to remove traces of media, and transplanted into plastic pots containing autoclaved peat and compost (1:1). The acclimatized in vitro grown plants (Fig. 1I) did not exhibit any abnormalities/changes compared to parent plants. After acclimatization, the regenerated plants were transferred to a greenhouse for further growth.
In this study, we have developed a highly efficient plant regeneration system for sweetpotato. The greatest number of shoots/protuberances were produced directly from explants, without the intervening callus phase, on a medium containing 5.0 μM TDZ. In addition, this protocol for in vitro adventitious shoot induction using protuberances may be used to provide an alternate target tissue for the transformation of sweetpotato.
